The structures, energies and sigmatropic behaviour of η 1 -cyclopenta-2,4-dienylborane (1) and η 1 -cyclopentadiene-three carbonyl cobalt (I) (2) were examined using DFT-B3LYP/6-311+G** level of theory. Both 
discussed the manner in which intramolecular 1,5-migrations of the metal moiety around the cyclopentadienyl ring occur. Fluxional cyclopentadienylboranes 3a-c can be prepared by transmetallation of cyclopentadienyl metals (Li, Na, Tl and Hg) at decreased temperatures ( Figure 1 ).
Fast borotropic rearrangements in 3a-c lead to the observation of an averaged 1 H and 13 C NMR spectra even at −105°C. The topology of borotropic migrations is unknown, the [1, 5] -B shifts have been suggested by an analogy to other metal cyclopentadienyls, but experimental evidence is insufficient. At temperatures above -10°C, 3a-c rearranges to the mixtures of vinylic boranes 3d-g and 3i-j ( Figure 1 ). Spectroscopic studies of cyclopenta-2,4-dienylborane such as 1 H NMR, 13 C NMR, mass spectrometer and IR indicated that metallotropic shifts in solution state occurred much faster compared with prototropic shifts to give allylic isomers, which are nonfluxional [3] [4] [5] [6] [7] [8] [9] [10] . The isolobal principle in organometallic chemistry has been reported earlier 11 . The methyl radical is isolobal with the metal carbonyl species manganese pentacarbonyl Mn(CO) 5 because both molecules have a single electron in a hybrid orbital pointing away far from the plane of the molecule (though they are not isoelectronic). So, it can be inferred that -BH 2 and -Co(CO) 3 are isolobal groups, whose HOMO and LUMO diagrams are shown in Figure 2 .
Density functional methods (DFT) were calculated using B3LYP/6-311+G** level of theory and using the GAUSSIAN 2003 package of programs [12] [13] [14] [15] [16] . Vibrational frequency was calculated at B3LYP/6-311+G** level of theory for all ground and transition state structures. Method dependencies were studied by single-point energies computed at MP2/6-311+G** level of theory for optimized geometries. By minimizing energy regarding geometrical coordinates without imposing any symmetrical constraints, minimum energy molecular geometries were located. All transition state structures were gained by QST2 subroutine 17, 18 . The nature of the stationary points for compounds 1 and 2 has been determined according to the number of imaginary frequencies. Only real frequency values and single imaginary frequency values (with negative sign) were accepted for minimum state and transition state structures respectively (Tables 1-3) .
Results and discussion
As mentioned above, although the fluxional behaviour of boron in cyclopentadienylboranes was observed 2 , its mechanism has not been examined. However other experimental or theoretical studies could not be accomplished regarding the structural and fluxional behaviours and sigmatropic shift mechanism of isolobal compound with cyclopentadienylboranes. Ab initio behaviours of metallotropic 1,2-shift and prototropic 1,2-shift of cyclopentadienyl(trimethyl)-silane, -german and -stannane were studied earlier 14 . Based on the present results it can be concluded that allylic isomer is the most stable isomer among the mentioned compounds. In addition, it was indicated that prototropic shift is much slower than metallotropic shift 19 . The 1,2-shift and hydrogen migration mechanisms for the Co(CO) 3 and BH 2 were studied using B3LYP/6-311+G** and MP2/6-311+G** levels of theory for compounds 1 and 2. The main objective of this work was to study and compare the sigmatropic behaviour of cyclopenta-2,4-dienylborane (1), structural and fluxional characteristics and sigmatropic shift mechanism for inorganic isolobal compound with cyclopenta-2,4-dienylborane (1). Furthermore, mechanistic study of migration of proton, boron and isolobal groups on cyclopentadienyl ring was performed by ab initio molecular orbital (MO) and density functional methods (DFT), using the GAUSSIAN 2003 package programs.
In both [1, 5] hydrogen shifts were performed by a symmetry-allowed suprafacial rearrangement ( Figure 3 ). In contrast with these, thermal [1, 5] sigmatropic hydrogen shift and thermal [1, 3] hydrogen shifts are not Bond lengths are in angstrom units (Å) and angles in degrees (°). known. It is impossible for BH 2 shift to occur through [1, 5] superafacial rearrangement. This migration is not a [1, 3] natural rearrangement ( Figure 4 ). But Co(CO) 3 shifts can occur through [1, 5] superafacial rearrangement ( Figure 5 ). The prototropic 1,5-shifts convert 5-Co(CO) 3 C 5 H 5 into 1-Co(CO) 3 C 5 H 5 and 2-Co(CO) 3 C 5 H 5 . The hydrogen migrates stepwise from C(5) to C(1), C(1) to C(2) and then from C(2) to C(3). Unlike the Co(CO) 3 fragment migration, the rearrangements involving hydrogen migration C(5) to C(1) and C(1) to C(2) are non-degenerate and the reaction pathways are non-symmetrical (Figures 6 and   7 ). The prototropic shift from C(2) to C(3) has a symmetrical transition state. Ab initio and DFT calculations show that the energy barrier related to BH 2 C 5 H 5 shift of the prototropic from C(1) to C(2) is higher than that related to prototropic shift of C(2) to C(3).
HOMO diagram of transition state structure for compounds 1 and 2 is shown in Figure 2 . Based on HOMO diagram of compound 1, only one node can be observed on C(2) atom, therefore, sigmatropic shift from C(1) to C(5) is impossible, but proper overlap of frontier orbitals of BH 2 with C(1) and C(3) creates a [1, 3] -sigmatropic shift of BH 2 ( Figure 2 ). On the other hand, HOMO Bond lengths are in angstrom units (Å) and angles in degrees (°). diagram of compound 2 refers to the proper overlap of orbitals for [1, 5] -sigmatropic shift of Co(CO) 3 fragment, because of which no node appears on C(5) of C 5 H 5 ring. Therefore, [1, 5] -metallotropic shift has occurred. Reaction pathways are shown in Figures 7 and 8 . The B3LYP/6-311G** calculated energies are given in Tables 1-3 . Calculated results of these compounds showed that 1,5-borotropic shift is impossible. When BH 2 is in vinylic state, these compounds can not be in ground state. Vibrational frequencies illustrate one imaginary frequency. On the other hand, when bond lengths of C-B increase to 1.57 Å, it was revealed that this structure is a transition state ( Figure 7 and Table 1 ). Also, according to IRC calculation in vinylic position, BH 2 is a transition structure ( Figure 9 ). Mechanism of migration of BH -3 revealed a suprafacial [1, 5] -rearrangement ( Figure 10) . Results of calculating B3LYP/6-311G** level of theory showed that [1, 5] transition easily happened and the amount of required energy was 3.05 kcal mol -1 . Structural parameters, corrected zero point (ZPE) and total electronic (E el ) energies for compounds 1 and 2 calculated on the ab initio and DFT-B3LYP/6-311G** level are given in Tables  1-4 . However, contrary to these calculated data, electron diffraction studies of the compounds Co(CO) 3 C 5 H 5 and (BH 2 )C 5 H 5 have shown that the C 5 H 5 rings are essentially planar 16, 17 . Studies on the DFT/6-311G** level of theory indicate a planar C 5 H 5 ring in the ground state structure of compounds 1 and 2. The 1,5-shift mechanisms of BH 2 , Co(CO) 3 and hydrogen migrations are examined. Furthermore, reaction pathways are shown in Figures 7  and 8 . In metallotropic 1,5-shifts, the pathways reaction are symmetrical and in the transition state structure, the BH 2 , Co(CO) 3 groups are equidistant from two carbon atoms of the C 5 H 5 ring (Tables 1 and 3 ). These results indicate that when compared to C-B, the lengths of C-Co bond increase, but in contrast the dissociation of a C-B bond is easier than that of a C-Co bond which in turn, cause migration of the metal around the cyclopentadienyl ring with a lower energy barrier. This result is consistent with experimental data.
As can be inferred from Figures 7 and 8 , the prototropic 1,5-shifts compared to metallotropic 1,5-shifts, are much slower than those of metal migration. It can be concluded that the prototropic 1,5-shifts occur only at higher temperatures. This reaction mechanism was carried out for BH 2 migration, which revealed that BH 2 [1, 5] migration needs 0.16 kcal mol -1 , which is a lower migration energy than Co(CO) 3 (3 kcal mol -1 ). However, bond lengths of C-B and C-Co are 1.562 and 2.095 Å respectively. The reason for the higher level of barrier energy for Co(CO) 3 is probably related to the existence of a π back bonding between Co and C. Also, it is clear that prototropic shifts for compound 1 have migration energy lower than those for compound 2.
Conclusions
The results were calculated by B3LYP/6-311+G** and MP2/6-311+G** and it refers to the fact that allylic isomers are the most stable isomers of compounds 1 and 2. Bond length of B-C is longer than Co-C. However, sigmatropic barrier energy for BH 2 migration is higher than that of Co(CO) 3 , because of a π-back bonding in Co-C bond which makes it stronger than B-C. Finally, instead of 1,5-BH 2 shift, kind of [1, 3] shift occurs for borotropic, while for its isolobal fragment Co(CO) 3 [1, 5] transition was easier. Similarity, the occurrence of [1, 5] -prototrophic shift for both compounds was simple. Prototropic shift activation energy is lower than borotropic shift. It is also worth pointing out that, lower amount of activation energy in borotropic shift can result in the rotation of boron on the cyclopentadienyl ring in the ambient temperature.
Results of structural calculations and IR studies showed that prototropic and metallotropic shifts are [1, 5] -sigmatropic migrations but borotropic shift is similar to metallotropic shift [1, 3] .
